We report strongly momentum-dependent local charge screening dynamics in CE-type charge, orbital, and spin ordered La0.5Sr1.5MnO4, based on Mn K-edge resonant inelastic x-ray scattering data. Through a comparison with theoretical calculations, we show that the observed momentum dependence reflects highly localized, nearest neighbor screening of the transient local charge perturbation in this compound with an exciton-like screening cloud, rather than delocalized screening. The size of the screening cloud is estmated to be about 0.4-0.5 interatomic distances.
We report strongly momentum-dependent local charge screening dynamics in CE-type charge, orbital, and spin ordered La0.5Sr1.5MnO4, based on Mn K-edge resonant inelastic x-ray scattering data. Through a comparison with theoretical calculations, we show that the observed momentum dependence reflects highly localized, nearest neighbor screening of the transient local charge perturbation in this compound with an exciton-like screening cloud, rather than delocalized screening. The size of the screening cloud is estmated to be about 0.4-0.5 interatomic distances. The dynamic screening of the Coulomb interaction plays a central role in determining the electronic properties of materials [1] . The response of valence electrons to a potential, in particular on time scales of the order of femtoseconds, is through excitation of electron-hole pairs which screen "bare" charges in the system. The screening is described theoretically by the density-density correlation function, or its Fourier transform, the dynamic structure factor [2] . Spectroscopies that probe the valence band, such as photoemission, are sensitive to these screening dynamics. However, it is often not obvious how to separate the kinetics of a charged particle and the response of the rest of the system to its presence [3] . In contrast, core-level spectroscopies provide an alternative way of studying the screening dynamics. By removing a deep-lying core electron, a strong local potential is created that exists for a very short time, i.e., the core hole lifetime. Essentially, one creates a short-lived localized "test" particle, and measures the response of the electrons to this local transient potential. This type of screening dynamics has drawn the attention of scientists for decades [4] [5] [6] .
For transition metal compounds, K-edge resonant inelastic x-ray scattering (RIXS) [7] offers the intriguing possibility of projecting the excitations related to the core hole screening onto valence band excitations. Specifically, it has been shown that K-edge RIXS can be directly related to the dynamic structure factor in the limit of a strong or weak core hole potential, U core , relative to the band width [8] . For the case where U core is comparable to the bandwidth, more typical for 3d transition metal compounds, the screening is more complicated because there is an asymmetry between the electron and hole excitations and the intermediate states can not be integrated out [9] . In this case, the RIXS response is believed to be sensitive to the transient screening of the intermediate states to the core hole potential [9] .
In this letter, we report RIXS measurements of the momentum and energy dependence of the screening dynamics for a transient local potential in a CE-type charge, orbital, and spin ordered manganite, La 0.5 Sr 1.5 MnO 4 . We find strong momentum dependence of the intensity of the across-gap excitation, with a dramatic increase on moving away from the two dimensional (2D) zone center. We show that this behavior reflects the size and shape of the real-space screening cloud and demonstrate that in La 0.5 Sr 1.5 MnO 4 , the screening distance is very short, with a screening cloud of about 0.4-0.5 interatomic distances in size.
A single crystal of La 0.5 Sr 1.5 MnO 4 was grown by the traveling solvent floating zone method. It has a tetragonal structure at room temperature with I4/mmm symmetry and undergoes a charge and orbital ordering transition around 230 K, accompanied by complex structural distortions [10] . For simplicity, we use here the I4/mmm notation throughout. The wave vectors of the charge and orbital ordering are then of the form ( [12] . Data are normalized by incident beam intensity and corrected for footprint variations.
In Fig. 1(a) , we show RIXS spectra taken at three Q points. In each case, there is a large elastic line centered at zero energy loss. The d-d transition appears as a peak on the tail of the elastic scattering at around 2 eV, consistent with optics [13] and EELS [14] observations. This across-gap transition has also been observed by K-edge RIXS on other manganites [15, 16] . Remarkably, the RIXS spectra show a strong momentum dependence of the intensity of this feature. At Q 0 = (−0.03, −0.03, 7.20) with very small in-plane momentum transfer, the 2 eV peak is almost unobservable. This momentum dependence is confirmed with RIXS spectra collected at a large number of Q points, as shown in Fig. 1 (b) and 1(c). To control the systematics resulting from polarization factors, the data were taken either at fixed sample angle, θ, or fixed detector angle, 2θ. These conditions result in data taken along three lines in reciprocal space. In all cases, the incident polarization is parallel to the [110] direction. With the detector position 2θ fixed, polarization effects associated with the outgoing x-ray are eliminated. Figure 1 (c) shows RIXS spectra with the elastic line subtracted [17] for the Q points with 2θ = 68
• . We take the integrated intensity, I(Q), over the 1-3 eV range as a measure of the strength of the 2 eV peak. The size of the symbols in Fig. 1(b) is proportional to I(Q). A clear systematic dependence on momentum transfer is observed.
The integrated intensities of the d-d excitation are plotted as a function of the in-plane momentum transfer in Fig. 2(b) . In order to quantitatively compare the experimental data with the theoretical calculations (discussed below), the integrated intensities are plotted relative to the intensity at Q 0 = (−0.03, −0.03, 7.20) [18] , i.e., I(Q) − I(Q 0 ). This removes the uncertainty in determining the common background for all Q points. The strength of the 2 eV d-d excitation exhibits a minimum at zero in-plane momentum transfer and a maximum at (0.5, 0.5, L). Interestingly, although there is a large variation in the L values for the various Q points [see Fig. 1(b) ], all the measurements collapse onto a single curve in Fig. 2(b) . This demonstrates that there is negligible L dependence to this behavior, a result consistent with the 2D nature of this single layered manganite. Further, it implies that the polarization factors are indeed constant for our experimental geometry. From here on, the momentum transfer will be denoted simply as
The experimental data in Fig. 1 and Fig. 2 show our main experimental observations. The across-gap d-d excitation in La 0.5 Sr 1.5 MnO 4 , as observed in the RIXS process, exhibits a strong momentum dependence. While the position of the peak shows no appreciable dispersion, the intensity increases rapidly as the in-plane momentum transfer increases away from the 2D zone center. Near the zone center, the spectral weight of the 2 eV feature almost disappears. This is a surprising result. The disappearance of this RIXS spectral weight at the 2D zone center cannot be the result of the dynamic structure factor going to zero, since this feature is still observed in the optical response [13] , which probes the zero momentum transfer response function. This demonstrates that K-edge RIXS in La 0.5 Sr 1.5 MnO 4 is indeed in the intermediate core-hole potential regime, discussed in the introduction. In the following, we detail this momentumdependence and show that it arises from the intermediate state screening dynamics and in particular that it reflects the real-space extent of the screening cloud.
To understand this strong in-plane momentum dependence, we calculated the RIXS response from La 0.5 Sr 1.5 MnO 4 for a two-dimensional 16×16 Mn cluster with periodic boundary conditions. The initial and final states of the unperturbed system, and the intermediate states in the presence of the 1s core hole on-site Coulomb potential, are solved numerically with a tight-binding approach. The Hamiltonian employed is similar to the one in Ref. [19] , which includes the nearest-neighbor electron hopping within the MnO 2 plane, the Jahn-Teller and isotropic electron-lattice coupling, the Hund's coupling to the CE-type ordered t 2g spins, and the Coulomb interaction between e g electrons within the Hartree-Fock approximation [20] . The sizes of the distortions of the oxygen octahedra are taken from Ref. [10] . The RIXS spectra are then calculated from the Kramers-Heisenberg formula [7, 9] : The calculated RIXS spectra were found to be most sensitive to the e g -e g hybridization and the coupling of the e g electrons to the distortions of oxygen octahedra. These two effects are parametrized as t 0 and λ in our Hamiltonian, where t 0 is the hopping between 3x 2 -r 2 orbitals along the x direction and λ is proportional to the strength of the electron-phonon coupling [20] . With reasonable parameter values [20] and the combination of t 0 = 0.9 eV and λ = 7.41 eV/Å, the calculated spectra shown in Fig. 2(a) and the thick (blue) line in Fig. 2(b) closely resemble the experimental observations. The intensity of the calculated RIXS response peaks near 2 eV, and increases rapidly as Q 2D increases away from (0, 0), towards (0.5, 0.5), as seen in the experiments. We note that the calculated spectra in Fig. 2(a) suggest a slight dispersion of about 130 meV of the 2 eV peak, which is much smaller than that reported for LaSr 2 Mn 2 O 7 [16] . Such a small dispersion, roughly equal to the experimental step size taken in Fig. 1(c) , is below the detection limit of our experiment. The sensitivity of the RIXS response to intersite hopping and the electron-phonon coupling is shown in Fig. 2(b) by varying t 0 and λ [20] . For a given t 0 , λ is constrained such that the d-d excitation in the RIXS re- sponse peaks near 2 eV. Henceforth, only t 0 is mentioned for simplicity. The details of the combinations of t 0 and λ can be found in the supplemental material [20] . As was done for the experimental data, the calculated response is integrated over the same 1-3 eV window to generate the curves in Fig. 2(b) , and again the value at Q 0 =(-0.03, -0.03) is subtracted. The calculated results show the best agreement with the experimental observations when t 0 = 0.9 eV. For larger t 0 values, the calculated RIXS response differs significantly from the experimental data. Thus our study sets the upper limit of t 0 . The inability to precisely determine the parameter values is largely due to the difficulty in determining the contributions from other inelastic scattering processes that give rise to a smooth "background" in the low energy loss region.
To further understand the implications of the observed As expected, the excited hole distributions are more localized near the core hole sites for the smaller value of t 0 . For t 0 = 0.9 eV, the screening hole is tightly bound to the excited electron with more than 90 % of the excited charge located on the three nearest neighbor sites along the zig-zag chain. The predominant wave vector for these electron and hole distributions is (0.5, 0.5), coincident with the location of the RIXS peak intensity maximum in reciprocal space in Fig. 3 (c) and in agreement with our experimental results. For the large hopping parameter, t 0 = 1.5 eV, the screening pattern in real space changes drastically. The majority of the hole distribution in Fig. 3(b) is now beyond the nearest neighbor sites, and is spread throughout the zig-zag chains. This difference in screening dynamics is directly reflected in the RIXS The relationship between the hopping strength and the charge redistribution in the screening process apparent in the theoretical calculations is shown more clearly in Fig. 4 , where the relative hole number at a given site is plotted as a function of the distance from the core hole site, as measured along the zig-zag chain. The semilogarithmic plot reveals an exponential decay of the hole density, confirming the presence of exciton-like screening clouds. The size of the screening cloud, which characterizes the screening dynamics and determines the RIXS response, depends strongly on the hopping strength t 0 . Taking the t 0 = 0.9 eV case, which best describes the RIXS data, we fit the excited hole distributions to an exponential function and find that the size of the screening clouds are 0.4 and 0.5 atomic spacings for the Mn 3+ and Mn 4+ sites, respectively.
In summary, we observe a highly momentumdependent K-edge resonant inelastic x-ray scattering intensity in the orbital ordered, layered manganite La 0.5 Sr 1.5 MnO 4 . We interpret this through a comparison with calculations based on a tight-binding approach, and show that these observations imply a highly localized, nearest neighbor screening of the local charge perturbation. We further find that the momentum dependence of the RIXS spectrum reflects the pattern and range of the screening in real space, and thus are able to measure the size and shape of the screening cloud. We find that the screening cloud is localized to a few Mn sites in the Mn-O plane, emphasizing the short range nature of the Coulomb interactions in the manganites.
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